The breast cancer susceptibility gene BRCA1 encodes a multifunctional protein that is mutated in many hereditary breast and ovarian cancers. We have cloned a homologue of the human BRCA1 gene from chicken; the gene encodes a 1749 amino acid protein that is 33% identical to human BRCA1. Phylogenetic analyses of the chicken and mammalian proteins indicate that the chicken gene is a bona ®de BRCA1 orthologue, the ®rst to be described from a non-mammal. Most of the chicken protein has diverged considerably from its mammalian orthologues, although the RING and BRCT repeat regions are highly conserved. This marked overall sequence divergence has allowed us to identify nine additional highly-conserved motifs (ranging from 8 ± 56 amino acids in length) which are likely important for BRCA1 function. Oncogene (2001) 20, 4433 ± 4438.
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The tumor suppressor BRCA1 gene was identi®ed by genetic analysis of families with multiple instances of early onset breast cancer. Predisposition to breast cancer shows a dominant pattern of inheritance resulting from somatic loss of the single functional copy from individuals who inherit one mutated and one normal allele of the gene (Hall et al., 1990; Miki et al., 1994) . Experiments using mice knockout mutants, show that a functional BRCA1 protein is required for embryonic proliferation (Gowen et al., 1996; Hakem et al., 1996; Liu et al., 1996 ) with embryonic lethality of Brca1 7/7 homozygotes likely due to failure to repair spontaneous DNA damage. BRCA1 function is important for several biological processes. BRCA1 controls centrosome duplication (Xu et al., 1999) , it promotes transcription-coupled base excision repair of oxidative DNA damage (Gowen et al., 1998; Le Page et al., 2000) and it contributes to recombinational repair of DNA damage (Bhattacharyya et al., 2000; Moynahan et al., 1999; Scully et al., 1997; Snouwaert et al., 1999) . In addition, BRCA1 is a transcriptional coactivator with p53 (Chai et al., 1999; Chapman and Verma, 1996) . While its role in transcription may contribute indirectly to more than one cellular function, BRCA1 has been found to associate with proteins that have well characterized and diverse functions, suggesting its function is not limited to regulating transcription.
To date, only mammalian orthologues of BRCA1 have been cloned (with only human, mouse, rat and dog being full-length). In fact, readily identi®able orthologues are apparently absent from the completed genomes of other eukaryotes including yeast, nematode and¯y (Bennett et al., 1999; Miki et al., 1994; Szabo et al., 1996) . Here we report the cloning of the ®rst nonmammalian orthologue of BRCA1 from the chicken, Gallus gallus. Comparison of this divergent protein reveals the presence (and inferred importance) of two domains (RING and BRCT) and de®nes an additional nine motifs that show high evolutionary conservation and are likely to be important for the function of BRCA1.
The cDNA of chicken BRCA1 was cloned from a cDNA library constructed from 5-day-old chick embryos (Stratagene) and from cDNA constructed from RNA of DT40 cells (Figure 1 ). The overlapping cDNA clones were sequenced and independent RT ± PCR products were cloned and sequenced so that all parts of the cDNA were sequenced at least twice. The putative start codon (ATG) aligns precisely with the start of the mammalian BRCA1 and is downstream of an in-frame stop codon, thus suggesting that we have cloned the entire coding sequence (Genbank Accession AF355273).
Two splice variants were discovered during cDNA cloning. One variant isolated from the embryo cDNA library (phage 13) fuses 715 bp of the cDNA to 4075 bp. A second splice variant was isolated multiple times from cDNA made from DT40 cells. This variant results in the addition of a single alanine codon (GCA) to the open reading frame after 449 bp. The genomic DNA surrounding this insertion was cloned and sequenced, con®rming that it is an intron/exon boundary (data not shown). It is possible that DT40 cells are heterozygous for alleles that utilize two dierent splice donors at the exon boundary. More likely, the two variants represent use of alternative splice sites in the same mRNA.
Although all of the intron/exon borders have not been determined by comparison to genomic DNA, we have used PCR ampli®cation of genomic DNA to 
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show that there is a large exon that covers over 3 kb of the coding region (data not shown). This large exon (number 11 in humans) is present in all of the mammalian orthologues where the genomic intron/ exon structure has been determined.
The chicken BRCA1 cDNA contains an open reading frame encoding a protein expected to be 1749 amino acids long with a predicted molecular weight of approximately 194 kD. Overall, the chicken protein is 33, 32 and 32% identical to its human, mouse, and dog orthologues (a complete alignment available upon request). A comparison of the chicken and human protein reveals that the RING domain region (77% identical) and two BRCT repeats (63 and 57% identical) are the most conserved regions of the protein (Figure 2 ).
The BRCA1 RING domain (residues 24 ± 64), a type of zinc ®nger, consists of a stretch of 41 amino acids in the N-terminus that is identical in mouse and human BRCA1 proteins ( Figure 2 ; Abel et al., 1995) . This domain promotes protein ± protein interaction with another RING ®nger containing protein, BARD1 (BRCA1-associated RING-domain protein; Wu et al., 1996) . Recently, the amino acids surrounding the RING ®nger motif (residues 1 ± 109) have been shown to be required for the interaction of BRCA1 with BARD1 (Meza et al., 1999) ; 61% of residues in this larger functional domain of chicken BRCA1 are identical to human BRCA1. In addition to its protein binding properties, the RING domain is ubiquiniated, suggesting that the domain may play a role in regulation of protein level (Lorick et al., 1999) . Although the precise function of the RING domain is not known, the fact that it is highly conserved between birds and mammals further suggests its functional importance. Additionally, all seven of the cystine residues in the RING domain, which interact with the zinc molecule (Freemont et al., 1991) , are precisely conserved, suggesting that the zinc ®nger structure is important for the function of this domain.
A second previously identi®ed domain, BRCT, is also highly conserved in the chicken sequence (aa 1532 ± 1749); this domain is also found in multiple DNA repair proteins including human XRCC1, a DNA ligase, and S. cerevisiae RAD9, a DNA damage checkpoint control gene (reviewed in Callebaut and Mornon, 1997) . A pair of BRCT repeats is present in the C-terminus of the BRCA1 protein. Although the function of the BRCT domain is not known, it has been shown to be required for the interaction of BRCA1 with many proteins including BRCA2, histone deacetelase 1 and 2, and RNA helicase A (reviewed in Welcsh et al., 2000) . As with the RING domain, the observed conservation of the two BRCT repeats in chicken BRCA1 provides additional evidence for their functional importance. A fragment of chicken BRCA1 was cloned using a degenerate PCR strategy with a lambda phage cDNA library constructed from 5-day-old chick embryos (Stratagene) used as a template (3' Rapid Ampli®cation of cDNA Ends) (3'RACE) (Frohman et al., 1988) . The degenerate primer, 5'-ACCGAGGAGACCACCCAYGTNRTNAT-3' was designed by the CODEHOP program (http://blocks.fhcrc.org/blocks/ codehop.html) (Rose et al., 1998) using blocks constructed with the human, mouse, and dog BRCA1 orthologues and corresponds to aa 1681 ± 1689 of the human protein. The clone obtained by 3'RACE using this primer was in turn used to screen the same library resulting in isolation of two phage (#10, #13). Phage #13 was shown by sequence alignment to be a splice variant that removed base pairs 716 ± 4074. The exon sequences corresponding to those absent in phage #13 were cloned by reverse transcription and PCR using RNA from DT40 cells as a template (designated RT Product). The 5' end of the open reading frame was cloned through 5' RACE using the library as a template. The relative positions of the conserved motifs and protein binding regions (reviewed in Deng and Brodie, 2000) are indicated in the schematic (see text for details) Figure 2 Alignment of conserved domains in BRCA1 homologues. Amino acid sequences from mammals (obtained from Genbank) were aligned initially using ClustalW (Thompson et al., 1994) , and these alignments were adjusted by inspection. The chicken BRCA1 amino acid sequence was added manually to the (®xed) mammalian alignment. Contiguous regions of high amino-acid identity between chicken and mammal BRCA1s were readily identi®ed by inspection. These domains are presented from N-to C-terminus, starting with the RING domain and terminating with BRCT domain 2; the intervening domains consecutively numbered from 1 to 9 are newly-identi®ed conserved regions. Identities to the chicken sequence are indicated by dots (.). Gaps introduced to the alignment are shown by dashes (-), with the number of amino acid residues not shown in a given alignment gap given a numeral in the alignment. The amino acid residue number of the BRCA1 sequence is given after the taxon name. The non-human primate sequences (Gorilla, Orangutan, Chimp, Macaque, Howler monkey, Lemur and Bushbaby) are all only partially complete, beginning and ending at ca. 342 and 1376, respectively, of the chicken sequence, and are shown in the alignment where possible (with identical sequences among these diverse primates given only once and indicated by`#Primates') Although the chicken gene is clearly a BRCA1 homologue it is notably divergent in its overall sequence. Thus it was important to determine if it was an orthologue of mammalian BRCA1; that is, having been derived from common vertical descent, rather than some other distantly-related family member (paralogue). To assess this, pairwise distance measures between the chicken protein and mammalian BRCA1 proteins were determined and compared to known divergence times of organisms. This molecular clock approximation indicates that the chicken gene has diverged proportionally to divergences between known BRCA1 orthologues (Figure 3a) . Speci®cally, maximum likelihood estimates of the pairwise distances between all species were determined starting with the inference of a phylogenetic tree based on the BRCA1 sequences (e.g. as shown in Figure 2 ). This method corrects for variation both among sites and between lineages. The resulting phylogeny and the pairwise distances used to derive the tree are consistent with the known divergence times between the species as is evident by their linear relationship (Figure 3b ; r 2 =0.9549).
There are approximately 867 residues that are identical in all ®ve (full-length) mammalian BRCA1 orthologues; by including the chicken orthologue, this number is reduced to 519. Further, if the RING and BRCT domains are excluded, the total number of conserved residues is 348. In fact, 30% of the conserved residues that lie outside of the terminal domains are clustered in one of nine clearly-de®ned patches, 8 ± 56 amino acids in length (Figure 2 ). These patches comprise only 12% of the 1433 residues that lie between the terminal domains. Since the BRCA1 orthologues have diverged considerably in the regions surrounding the nine patches, it is likely that the patches are particularly important for the function of the protein. For simplicity we refer to these regions as BRCA1 conserved sequence motifs or BRCA1cm's.
Six of the conserved motifs are contained within binding sites of proteins that bind BRCA1 (Figure 1) . The oncogene c-Myc binds to two regions of BRCA1; BRCA1cm2 is within one of the regions (human aa 175 ± 303) and BRCA1cm4 is within the other (human aa 433 ± 511) (Wang et al., 1998) . The region of BRCA1 responsible for binding the tumor suppressor RB protein (human aa 304 ± 394) contains BRCA1cm3 (Aprelikova et al., 1999) . BRCA1cm6 is the only patch of sequence homology within the rather large, previously-de®ned region of Rad51 binding to human BRCA1 (human aa 758 ± 1064) (Scully et al., 1997) . The tumor suppressor p53 has been shown to bind to human aa 224 ± 500; both BRCA1cm3 and BRCA1cm4 are contained within this region . BRCA1cm3 ± 5 are all contained within the region required for the interaction of BRCA1 with Rad50 (human aa 341 ± 748) (Zhong et al., 1999) . Amino acids 1314 ± 1863 of the human BRCA1 protein interacts with BRCA2, another gene mutated in hereditary breast cancer. While this large region contains one of the BRCT repeats, BRCA1 cm9 is also contained within the region de®ned as sucient for binding (Chen et al., 1998) . Several additional proteins have been reported to bind BRCA1, but the required regions are restricted to one of the terminal domains; these interactions are not indicated in Figure 1 . It will be interesting to see if any of the sequence motifs we have identi®ed are necessary or sucient for the respective protein ± protein interactions. Figure 3 Phylogenetic analysis of chicken and mammalian BRCA1 homologues and determination of chicken sequence as a likely BRCA1 orthologue. (a) Neighbor-joining (NJ) distance tree of maximum likelihood (ML) protein distances based on BRCA1 alignment (®ve taxa, 1963 aligned amino-acid sites); parsimony bootstrap percentages are indicated by numbers at the internal nodes. Protein distances were calculated using TREE-PUZZLE 5.0 (Strimmer and Von Haeseler, 1996) with a JTT (-f) matrix and gamma-distributed rates (data-estimated parameter alpha=1.38 (s.e. 0.12)) with 8-categories. The NJ tree was calculated by PHYLIP 3.57 (Felsenstein, 1993) , and the parsimony analyses (1000 bootstrap replicates) were carried out by PAUP* 4.0 (Swoord, 2000) . (b) Relationship between ML distances and times of divergence. ML distances are the same as above, while the divergence times were taken from recent analyses by Kumar and Hedges (1998) . The regression line given is y=121x, whereas additional analyses (not shown) using the alignment segment which included the additional partial primate data yielded regressions (r 2 * 0.87) at y=91x and y=157x, when the chicken sequence was or was not included, respectively
Multiple residues of the BRCA1 protein are phosphorylated in response to DNA damage and cell cycle changes. Human BRCA1 is phosphorylated at a CDK2 phosphorylation site, Ser 1497 , in a cell cycle dependent manner (Runer et al., 1999) . This site is in a region of unclear sequence alignment, but seems to be missing in the chicken BRCA1 orthologue. In addition, only one of the two predominant sites phosphorylated by ATM (Cortez et al., 1999 ), Ser 1423 , is conserved between chicken and human. The phosphorylation of human BRCA1 Ser 988 is mediated by hCDS1 (Lee et al., 2000) , but this residue is not conserved in chicken. The main phosphorylation site of human BRCA1 by the serine/threonine kinase AKT, Thr 509 (Altiok et al., 1999) is neither a threonine nor a serine in chicken BRCA1. Although it is possible that chicken BRCA1 is not phosphorylated by orthologues of these kinases, it is also possible that BRCA1 and the kinases have evolved separately in the mammalian and avian lineages, resulting in dierent phosphorylation sites in the chicken and mammalian BRCA1 proteins.
At the time this report was submitted, the Breast Cancer Information Core (BIC) database (http:// www.nhgri.nih.gov/ Intramural_research/ Lab_transfer / Bic/) listed ®ve missense mutations that are known to segregate with cancer predisposition; these are likely to be causal in cancer. Of these, all ®ve mutated residues are conserved between the known orthologues (including chicken), further suggesting their importance in protein function. On the other hand, the BIC database listed seven base-change polymorphisms thought not to cause breast cancer; none of these sites are conserved in all ®ve species. Additionally, 206 mutations were listed as unclassi®ed variants in the database, of which 97 are conserved among mammalian sequences, but only 57 are conserved in all ®ve BRCA1 orthologues. Thus, the chicken sequence may provide a means to determine which variants are most likely to alter protein function.
The chicken sequence presented here represents the ®rst non-mammalian orthologue of BRCA1. Based on the relatively low sequence identity shared between avian and mammalian BRCA1s, additional BRCA1 orthologues may be dicult to isolate from groups diverging from mammals much earlier than birds (ca. 310 my). Nonetheless, if amphibians (ca. 360 my) and/ or ®sh (ca. 450 my) have a bona ®de BRCA1, there is a reasonable chance that it can be isolated by molecular methods similar to those used here. In addition, given the various conserved motifs and domains in BRCA1 described herein, it is possible that BRCA1 homologues could be identi®ed from anonymous DNA sequences from amphibians, ®sh, and even more distantly-related species.
In summary, although the primary sequence in the chicken BRCA1 is not highly conserved overall, both of the two previously de®ned motifs (RING and BRCT) are present and retain strong sequence identities. In addition, a set of nine previously undetected motifs of high sequence conservation have been revealed. Since BRCA1 appears to be a multifunctional protein, we predict that speci®c motif subsets will be required for individual functions of the protein.
